Because of the design and construction requirements, the nuclear structures need to maintain the structural integrity under both design state and extreme earthquake shaking. The base-isolation technology can significantly reduce the damages of structures under extreme earthquake events, and effectively protect the safeties of structures and internal equipment. This study proposes a base-isolation design for the AP1000 nuclear shield building on considering the performance requirements of the seismic isolation systems and devices of shield building. The seismic responses of isolated and nonisolated shield buildings subjected to design basis earthquake (DBE) shaking and beyond-design basis earthquake (BDBE) shaking are analyzed, and three different strategies for controlling the displacements subjected to BDBE shaking are performed. By comparing with nonisolated shield buildings, the floor acceleration spectra of isolated shield buildings, relative displacement, and base shear force are significantly reduced in high-frequency region. The results demonstrate that the base-isolation technology is an effective approach to maintain the structural integrity which subjected to both DBE and BDBE shaking. A displacement control design for isolation layers subjected to BDBE shaking, which adopts fluid dampers for controlling the horizontal displacement of isolation layer is developed. The effectiveness of this simple method is verified through numerical analysis.
Introduction
Base-isolation technology has been widely applied to industrial and civil buildings, bridges, and major foundation works, and effectively decreases the seismic demands of structures and protect them from being damaged [1, 2] . However, the applications of baseisolation technology in the nuclear power plants are limited. Among all the nuclear power plants currently in commercial operation worldwide, perhaps only Koeberg in South Africa and Cruas in France have adopted the base-isolation technology [3, 4] . The application of base-isolation technology into the design of nuclear power projects can improve the safeties of integral structures and internal facilities, realize the standardized and modular design of buildings, internal structures and facilities, and strengthen the adaptability of their plant sites.
One particular advantage of isolation technology lies in the capability to significantly mitigate the seismic damage of structures, and to improve the safety margin of structures subjected to extreme seismic events. On behaviors of isolation technology, Chen et al. [5] investigated on the response characteristics of base-isolated nuclear island building under a typical safe shutdown earthquake. Frano and Forasassi [6, 7] studied seismic responses of reactor structures. Tamura et al. [8] investigated dynamic response of nuclear power plant piping systems and components with viscoelastic dampers subjected to severe ground motions. Perotti et al. [9] presented seismic fragility of base-isolated nuclear power plants structures. Liu et al. [10] studied the dynamic responses of nuclear structures and the influence of bearing parameters under beyond-design basis earthquake (BDBE) shaking, and concluded that isolation technology can significantly mitigate the seismic response of nuclear structures. Huang et al. [11] conducted a series of nonlinear time-history analysis to explore the influence of ground motion and the mechanical properties of seismic isolation system on the seismic responses of isolated nuclear power plants under 100% design basis earthquake (DBE) shaking and 150% DBE shaking.
The analysis and design of nuclear structures should consider the influence of BDBE shaking. The American Society of Civil Engineers has two standards that are relevant to the seismic analysis and design of nuclear structures, namely, ASCE 43-05 [12] and ASCE 4-16 [13] . The objective in using ASCE 4 together with ASCE 43 is to achieve specified annual target performance goals. For seismic design, the target performance goals are prescribed in ASCE 43-05. Section 1.3 of ASCE 43-05 presents dual performance objectives for nuclear structures: (1) less than 1% probability of unacceptable performance against 100% DBE shaking and (2) less than 10% probability of unacceptable performance against 150% DBE shaking.
In this paper, a series of nonlinear time-history analyses will be performed to study the impact of the variability in ground motion intensity on the seismic response characteristics of base-isolated nuclear shield building (BI-NSB), and to investigate the displacement control strategies for BI-NSB subjected to BDBE shaking. The finite element models of base-isolated and nonisolated nuclear shield buildings (NSBs) are created by using ANSYS (ANSYS, Inc., Southpointe 2600 ANSYS Drive Canonsburg, PA 15317, USA), and three groups of ground motions of various intensities will be discussed.
Seismic isolation systems of nuclear power plants

Description of the seismic isolation systems
Based on the spatial configurations of seismic isolation devices, the seismic isolation systems for nuclear power plants can be classified into the following three types currently [14, 15] : (1) twodimensional systems with horizontal isolation provided in one single interface (2D); (2) three-dimensional systems with horizontal and vertical isolations provided in one single interface (3D); and (3) three-dimensional systems with horizontal and vertical isolations provided in two interfaces (2DþV) (Fig. 1) . Conventional civil structures are widely equipped with 2D technology, which is also the only seismic isolation technology applied to nuclear power plants [16] .
Seismic isolation devices
Nuclear power plants have three distinctive requirements that make nuclear structures significantly different from conventional structures in terms of seismic isolation performance [15, 17] , which Fig. 1 . (A) Two-dimensional or three-dimensional seismic isolation system; (B) Vertical isolation of main components with horizontal base isolation system [15] .
are: (1) in a design basis event, nuclear power plants require both full structural integrity and reactor's safe shutdown, whereas conventional structures require that structural damage is allowed to provide life safety; (2) in a beyond-design basis event, seismic isolation systems must provide an available capacity to keep nuclear power plants functional, whereas is adequate for conventional structures to ensure absence of collapse; and (3) the fully standardized seismic design of nuclear power plants requires vertical seismic isolation, whereas conventional structures do not normally. Therefore, compared with those in conventional structures, the seismic isolation devices used in nuclear power plants require additional functional demands, and huge redundancy when used in nuclear power stations.
The laminated rubber bearing is made through the alternate laminated vulcanization of natural rubber (or chloroprene rubber) and steel plate, and has been widely used for the seismic protection of noncritical buildings. There are various types of laminated rubber bearing and some of which have been studied in the field of the seismic isolation of nuclear power plants. Domaneschi et al. [18] introduced a high-damping rubber bearing into the base-isolation design of an International Reactor Innovative and Secure plant. They tested the hysteretic behavior of the bearing at a reduced scale of 1:2, and presented a nonlinear hysteresis model of isolation bearings for numerical simulation. Tajirian et al. [19] explored the possibility of applying isolation technology to two advanced liquidmetal reactors, and compared high-damping and low-damping rubber bearings by conducting relevant tests to verify their performance.
The lead rubber bearing with an additional lead core has enhanced energy dissipation capacity [20] , and thus has been widely applied in the seismic protection of conventional buildings. Applications of lead rubber bearing in nuclear power plant projects have been explored. Sato et al. [21] used the lead rubber bearing for seismic isolation on an Advanced Boiling Water Reactor plant, and considered the influence of high temperature on the mechanical properties of lead rubber bearing in a seismic response analysis. Fujita [22] conducted the breaking tests on large-scale isolation bearings (the lead rubber bearing, the low-damping rubber bearing, and the high-damping rubber bearing) of Fast Breeder Reactor plant.
Description of AP1000 shield building
NSB
The main structures of an AP1000 plant include the containment/shield building, the auxiliary building, the turbine building, the annex building, the diesel generator building, and the radwaste building (Fig. 2) . This study will consider the shield building and containment vessel of AP1000 only, in which the shield building possesses a diameter of 44. the Poisson ratio 0.2, and the ultimate compressive strain 0.0035. The commercial software ANSYS 16.0 is used to build the 3D finite element model (Fig. 3 ) of the NSB. Shell elements are adopted for both the shield building and the containment. The finite element model is consisted of 16,112 elements and 13,868 nodes, the total mass is 77,973 t. In this paper, the AP1000 NSB is assumed to be located on a hard rock site. Thus, the soilestructure interaction is ignored, and the mode of fixed constraint for connection between the structure and the base is adopted. Considering the impact of water tank, Zhao et al.
[23e25] performed a series of fluidestructure interaction analysis to investigate the influence of water tank on dynamic characteristic of the shield building. Lu et al. [26, 27] investigated the impact of different levels of water on shield building by experimental and numerical methods. Frano and Forasassi [28, 29] evaluated the effects of fluidestructure interaction of a liquidmetal nuclear reactor based on the finite element method. The presence of water in water tank could influence the dynamic characteristic of the shield building. However, fluidestructure interaction is a complicated phenomenon, and this paper is intended to describe the dynamic characteristic of NSB during BDBE. To simplify the dynamic analysis, the fluidestructure interaction subjected to ground motion is neglected.
BI-NSB
Finite element model of BI-NSB
The BI-NSB is modeled by a flexible layer (isolation bearing) between the upper structure and the base, which isolates the upper structure from the horizontal ground motion. The intense response acceleration of AP1000 NSB subjected to BDBE shaking, and the corresponding risk to structure, pipeline, or equipment are to be considered. In this study, the seismic responses of a base-isolated nuclear shielding with the base-isolation technology are examined under the cases subjected to DBE and BDBE shaking. Fig. 4 shows the 3D finite element model of AP1000 BI-NSB. The COM-BIN 14 and COMBIN 40 elements are adopted to simulate the vertical and horizontal mechanical properties of isolation bearing, respectively. The plane layout of the isolation devices consisted of 217 isolation bearings arranged in a radial pattern is shown in Fig. 5 .
Choice of isolation bearings
Low-damping rubber bearing, high-damping rubber bearing, lead rubber bearing, and friction pendulum bearing are usually used in the seismic isolation of nuclear structures [15] . Considering the quicker dissipation of seismic energy under BDBE shaking, the present study prefers high damping and stable performance of the isolation bearing. The high-damping rubber bearing can offer several advantages, namely, a high damping capability because of a large area of the hysteresis loop, the equivalent viscous damping ratio is more than 10%. Especially, the shear deformability of 300e500% of the total rubber thickness, and the service life of no less than 60 years are useful to prevent excessive rigid-body displacements of the isolated structure for BDBE shaking [30] . Therefore, the high-damping rubber bearing is considered as the bearing for the base-isolation system in this study, which is stable in performance and harmless for the environment. Moreover, the high-damping rubber bearing, with diameter 900 mm, vertical ultimate bearing capacity 7,700 kN, vertical stiffness 2.2 Â 10 6 kN/ m, yield force 1,125 kN, equivalent horizontal stiffness (100% strain) 125 kN/mm, and a maximum deformation 280 mm, is adopted because of the average vertical load of approximately 3,593 kN.
Modal characteristics
The BI-NSB could be simplified by a single degree of freedom system, in which the horizontal fundamental frequency is f ¼ ffiffiffiffiffiffiffiffiffiffi ffi K=M p =2p, with K ¼ 271.25 kN/mm (equivalent horizontal stiffness under the 100% strain) being the total horizontal stiffness of the isolation layer, and M the total mass of the isolated structure. Thus, the fundamental frequency of the BI-NSB structure is 0.297 Hz. The actual dynamic response of the NSB is calculated by using ANSYS 16.0. Table 1 shows the main frequencies of the structure calculated through a modal analysis, which indicates that the natural frequency of the BI-NSB structure agrees with its theoretical value quite well. Therefore, the isolation bearing simulation in ANSYS is valid for modal analysis. It can be also seen that the BI-NSB structure could reduce the fundamental frequency obviously.
Figs. 6e8 (top view) show the first three-order vibration modes of the BI-NSB and NSB structures. It can be seen that the first and second orders of vibration mode of the NSB structure are both rocking-type, and those of the BI-NSB structure are both translational. In addition, the first two-order vibration modes of the BI-NSB structure indicate that the isolation layer could possess an extremely high flexibility in the horizontal direction, which furtherly demonstrates the feasibility of the isolation bearing design.
Seismic response characteristics
Ground motions and analysis sets
The horizontal and vertical spectral curves of the DBE shaking will adopt AP1000 standard design response spectra, and will be established based on the RG1.60 design response spectra [31] and by amplifying the spectral value of the high-frequency zone. Two natural ground motions and one artificial ground motion are selected to conduct dynamic response analysis of both NSB and BI-NSB structures under DBE and BDBE shaking, respectively, as shown in Fig. 9 .
Seismic time-history response analyses of the NSB and BI-NSB structures are conducted for three ground motion of various intensities, they are: (1) 100% DBE shaking (peak ground acceleration ¼ 0.3 g); (2) 150% DBE shaking (i.e., amplification of the acceleration time-history amplitude of DBE shaking by 1.5 times); and (3) 200% DBE shaking. BI-NSB, base-isolated nuclear shield building; NSB, nuclear shield building. BI-NSB, base-isolated nuclear shield building; NSB, nuclear shield building. Fig. 7 . The second mode of (A) NSB and (B) BI-NSB. BI-NSB, base-isolated nuclear shield building; NSB, nuclear shield building. Fig. 8 . The third mode of (A) NSB and (B) BI-NSB. BI-NSB, base-isolated nuclear shield building; NSB, nuclear shield building.
Floor acceleration spectra
Figs. 10e12 show the horizontal and vertical acceleration spectra at the top point of the NSB and BI-NSB structures for three ground motions of different intensities. Markedly, the horizontal floor acceleration is reduced for the BI-NSB structure when compared with the NSB structure. To be specific, in high-frequency region (above 2 Hz), the spectra of horizontal floor acceleration change relatively significantly. The horizontal floor acceleration spectra of the BI-NSB structure are far lower than those of the NSB structure. The amplitudes of horizontal spectral accelerations for the three intensities are all reduced by at least 80%. However, in low-frequency region (below 2 Hz), the spectra of horizontal floor acceleration of the BI-NSB structure are higher than those of the NSB structure. This is mainly because the base-isolation technology could mitigate the seismic vibrations of structures caused by extending their natural vibration period and influence insignificantly for low-frequency region and long-period structures. However, the value of horizontal floor acceleration is small enough in low frequency region, and can be ignored. It is noted that the baseisolation system is not dramatic in mitigating vertical acceleration compared with reducing horizontal acceleration. Overall, for NSBs using base-isolation technology, the seismic isolation system can strongly reduce their horizontal acceleration, increase their safety margin, protect the main building under BDBE shaking, and prevent being damaged to the reactor's secondary system.
Displacement response
To assess the reliability of the base-isolated system in controlling the displacements of structures under the DBE shaking and BDBE shaking, relative displacements are compared. Tables 2 and 3 show the relative horizontal displacements of the BI-NSB and NSB structures subjected to earthquake shakings of different intensities, respectively. It can be seen that the horizontal displacements of the BI-NSB structure under the DBE and BDBE shaking are mainly concentrated in the flexible isolation layer, and the relative dis- placements of the upper structures are extremely small and significantly reduced when compared with the NSB structure. This is because the rubber bearings with low stiffness will experience major deformations under the action of seismic load and consequently reduce the displacement of the upper structure. Figs. 13e15 show the top-point displacement time-histories of the BI-NSB and NSB structures subjected to the earthquake of Kern County. It can be seen that the base-isolated system satisfactorily controls the horizontal displacements of the structures under both DBE and BDBE shaking. For instance, under the actions of the earthquakes of Kern County, Qian An, and artificial waves (200% DBE shaking), the X-direction displacements of the BI-NSB structure are 4.6, 1.6, and 4.9 mm, respectively, and only 12.24%, 6.72%, and 12.40% of those of the NSB structure. Instead, the vertical displacement does not change significantly. Table 4 shows the base shear forces of the BI-NSB and NSB structures for the three earthquakes with various intensities. It can be seen that the base shear forces of the BI-NSB structure subjected to DBE shaking are 3. (artificial waves), respectively. Similarly, there is a significant reduction of base shear force in the BI-NSB structure compared with that of the NSB structure under the BDBE shakings (150% DBE and 200% DBE). To sum up, the base-isolated system can markedly reduce the base shear force under both DBE and BDBE shaking.
Base shear force response
Displacement control strategies for the isolation layer subjected to BDBE shakings
Displacement control design concept
The design of base-isolated structures under the DBE shaking determines the performance objectives of isolation bearings. Under the BDBE shaking, the performance of isolation bearings changes with some extent, and thus possesses a new horizontal stiffness strength. As can be seen from Tables 2 and 3 , the displacements of the isolation layer exceed the maximum permissible deformation value of the isolation bearing subjected to BDBE shaking. Thus, considering the increased seismic force experienced by the NSB under BDBE shaking and the change in the performance of the isolation bearing, a displacement control design must be conducted for the structure under the BDBE shaking when designing isolation systems for NSBs. It is necessary to prevent the excessive deformations of the isolation layer from causing damages to the isolation bearings and pipeline connections or causing collisions between the isolation layer and the retaining wall.
The available specific displacement control strategies include (1) the selection of a large-diameter lead rubber bearing or highdamping rubber bearing, to increase bearing stiffness and strength and to improve ultimate deformation; (2) the use of damping devices to control the displacement, to absorb input energy, and to reduce isolation layer displacement; and (3) the use of an isolation bearing with a blocking device, in which the blocking device is activated by an earthquake shaking and the threshold is determined by the BDBE shaking that might be possibly encountered.
Simple design method
In this study, a fluid damping device is used for the isolation layer to control the displacement of the AP1000 BI-NSB structure subjected to BDBE shaking. Considering the AP1000 BI-NSB structure as a rigid body and the overall isolated structure as a singledegree-of-freedom system, the stiffness of the system can then be determined by the seismic isolation device, and the mass by the upper structure.
Equivalent damping ratio of the fluid damper
As shown in Fig. 16 , when the velocity of the fluid damper is smaller than V y (C vi being constant), it is a linear relationship between the force and velocity of the fluid damper, as expressed by Eq. (1). When the velocity exceeds V y , the relationship between C vi and the equivalent velocity V eq can be expressed by Eqs. (2) and (3). BI-NSB, base-isolated nuclear shield building; DBE, design basis earthquake; NSB, nuclear shield building.
where F is the force applied on the fluid damper, C v is the damping constant, V is the velocity, and d is the shear displacement of the isolation layer. The equivalent viscous damping ratio of the fluid damper can be solved by Eq. (4):
where h v is the equivalent viscous damping ratio of the fluid damper, M is the mass of the isolated structure, and K is the equivalent stiffness of the isolation layer. According to the relationship between the equivalent stiffness and the equivalent period, we have
where n represents the number of fluid dampers. Substituting Eqs. (2) and (3) into Eq. (5), the equivalent viscous damping ratio of the fluid damper can be obtained as BI-NSB, base-isolated nuclear shield building; DBE, design basis earthquake; NSB, nuclear shield building. Fig. 16 . Relationship between the force and velocity of the fluid damper.
Seismic force of the isolation layer
Eq. (7) shows the relationship between the acceleration spectra S a and the displacement spectra S d , i.e.,
It is notable that the deformation of the upper structure is extremely small, and the displacement spectra S d can be equivalent to the shear deformation of the isolation layer. Therefore, the seismic force Q applied on the isolation layer can be expressed by Eq. (8), which is
5.2.3. Estimation of the maximum response displacement of the isolation layer subjected to BDBE shaking Isolation system response is often assumed to be a simplified bilinear hysteretic response, as shown in Fig. 17A . The ultimate design displacement d s of the isolation layer is represented by point A, and the value of d s can be determined by the designer to fulfil the ultimate design deformation of the isolation bearing. The equivalent stiffness of the dotted line passing through point A represents the equivalent stiffness corresponding to the ultimate design displacement d s for all the points keeping the same equivalent period. The intersection point B between the dotted line and the seismic force curve under the BDBE shaking sustains a shear force Q, and the corresponding basic deformation of the isolation layer is d. When extending the basic deformation, it is intersected with the relationship between the shear force and shear deformation of the isolation layer at point C, which is under the shear force Q r . The shear force Q r is partially resisted by the elastic seismic isolation device (represented by Q e ), and partially resisted by the damping device (represented by Q h ).
It should be noted that the relationship between the shear force and shear deformation of the isolation layer shown in Fig. 17A is obtained according to the stiffness and yield strength of the seismic isolation device at normal state. The basic deformation d of the isolation layer is also obtained through the stiffness and yield strength at normal state. Once the relationship between the shear force and shear deformation of the isolation layer is obtained corresponding to the stiffness and strength degradation of the seismic isolation device subjected to BDBE shaking, the relationship between the shear force and shear deformation of the isolation layer can then be used to determine the basic deformation of the isolation layer subjected to BDBE shaking (Fig. 17B) . After obtaining the basic deformation of the isolation layer, the response deformation of the isolation layer subjected to BDBE shaking can be expressed as d r ¼ ld, where l is an amplification factor considering the influence of the eccentricity of the isolation layer.
Calculation of the velocity of the fluid damper
The velocity V r of the fluid damper can be solved by the following equation:
where the velocity V r is equivalent to the maximum velocity produced by the fluid damper subjected to earthquake shaking, and should not exceed the ultimate velocity of the fluid damper. After determining the velocity of the fluid damper, we can obtain the shear force resisted by the fluid damper according to the properties of the fluid damper.
Verification and validation
The steps for the design of the isolation structure and the control displacement of the BI-NSB structure subjected to BDBE shaking can be listed as below:
1. Select the period of the isolated structure and the maximum displacement for the isolation layer according to design requirements. 2. Calculate the seismic force applied on the isolation layer corresponding to the ultimate deformation based on the period of the isolated structure and the maximum displacement of the isolation layer. The fundamental natural frequency of the BI-NSB structure is 0.29 Hz and the ultimate design displacement of the isolation layer is 280 mm. Based on the given parameters, the calculated seismic force applied on the isolation layer and velocity of the fluid damper are 75,646 kN and 165 mm/s, respectively. To prevent the low number of fluid dampers from causing an excessive deformation of the isolation layer, it is assumed that the shear force applied on the fluid damper is limited to 30% and 40% of the shear force of the isolation layer, respectively. According to the properties of fluid dampers, the sums of the damping constants of all the fluid dampers in the isolation layer are 137,691 and 183,588 kN/m, respectively. The substitution of the calculation results into the finite element model of the BI-NSB structure for a seismic timehistory analysis yields the results for the artificial waves, as shown in Table 5 and Fig. 18 . The isolation layer could satisfy the desired results of the fluid damper to limit displacement under BDBE shaking, and the bearing displacements can be controlled within the allowed range, which can verify the effectiveness of adopting fluid dampers for controlling the displacement of the isolation layer.
Conclusions
This paper designed a base-isolation system for the AP1000 NSB, analyzed the dynamic responses of isolated and nonisolated NSBs under the DBE and BDBE shaking, and compared the seismic characteristics of nonisolated and isolated structures. Considering the isolation layer under BDBE shaking, some advanced strategies were proposed for controlling the displacements of the isolation layer in the BI-NSB structure. The main findings are concluded below:
1. In high-frequency region, the base-isolation technology could significantly reduce the acceleration spectra of horizontal floor of NSB, and would exhibit a good seismic isolation effect both under DBE and BDBE shaking. The amplitudes of horizontal spectral acceleration spectra could be reduced at least 80%. In low-frequency region, the acceleration spectra of horizontal floor of isolated NSB are higher than those of the nonisolated NSB. However, the value of floor acceleration is sufficiently small in low-frequency region, and could be neglected.
2. By comparing the horizontal displacements and base shear forces of the isolated and nonisolated NSBs subjected to DBE and BDBE shaking, the deformations of the isolated NSB are mainly concentrated in the flexible isolation layer, and that the relative displacement of the upper structure is extremely small and can be significantly reduced in comparison with that of the nonisolated NSB. Because of the base isolation, the isolated NSB experiences markedly reduced shear force in the isolation layer, and the base-isolated system could still exert a satisfactory control subjected to BDBE shaking. 3. Considering the excessive displacement of the isolation layer under BDBE shaking, we proposed three strategies to control isolation layer displacement, and presented a damping devicebased method of displacement control design for the isolation layer. It also presented the steps for designing the isolation layer displacement control for NSBs subjected to BDBE shaking, and verified the effectiveness of adopting fluid dampers for controlling the displacement of the isolation layer.
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